observed that the greatest concentration of the arachnoid villi relative to the superior sagittal sinus was over the vertex in the region of the motor cortex-a region where there was a concentration of cerebral veins entering the superior sagittal sinus. He found no histological evidence for valves in the arachnoid villi, but one of his conclusions was as follows: 'The chief method of return of cerebrospinal fluid to the general circulation is by a process of filtration through arachnoid villi into the great sinuses.' In this regard an important recent contribution was that of Welch and Friedman (1960) . They demonstrated tiny tubules in the arachnoid villi and granulations.
As early as 1881, Falkenheim and Naunyn (1887) designed experiments to measure normal cerebrospinal fluid pressures. Weed observed that the greatest concentration of the arachnoid villi relative to the superior sagittal sinus was over the vertex in the region of the motor cortex-a region where there was a concentration of cerebral veins entering the superior sagittal sinus. He found no histological evidence for valves in the arachnoid villi, but one of his conclusions was as follows: 'The chief method of return of cerebrospinal fluid to the general circulation is by a process of filtration through arachnoid villi into the great sinuses.' In this regard an important recent contribution was that of Welch and Friedman (1960) . They demonstrated tiny tubules in the arachnoid villi and granulations.
There is a good deal of confusion concerning values of cerebrospinal fluid pressure and also there are several conflicting reports about the relationship between this pressure and venous pressure. Indeed in certain conditions as the intracranial pressure rises the pressure in the superior sagittal sinus may fall (Wright, 1938) . Another source of confusion stems from statements about the fluid pressure without reference to the precise site at which it is measured.
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For example, it can be shown that the fluid pressure, say, in the subarachnoid space near the frontal pole of the brain is much lower than that near the occipital pole in a subject lying face upwards. Since it is likely that a pressure difference of about 60 mm of water between the superior sagittal sinus and the adjacent subarachnoid space will allow drainage of cerebrospinal fluid, small pressure changes from area to area within the cranial cavity assume importance. This fact was demonstrated in the monkey by Welch and Friedman (1960) . Thomas and Kerr (1965) investigated in cats by electron microscope techniques the distribution and absorption of colloidal particles from the subarachnoid space. Their findings indicate a much greater permeability of the vessel wall of the capillary endothelium of arachnoid villi than that of the cortical capillaries. Cytoplasmic organelles containing colloidal gold were present in the vessels of the villi but never in cortical capillaries. These workers suggest a specialization of vessels in the arachnoid villi, whereas Welch and Friedman (1960) Fig. 2 , in which a pressure tracing from the lateral ventricle of the human brain has been expanded to show the cardiac and respiratory pulses. The posture of the subject must be recorded since the pressures at a particular intracranial site will changefrom positive valueswhen the body is tilted head downwards to negative values (compared with atmospheric pressure) when the body is tilted head upwards. Masserman (1934) gives average values of about 150 mm of saline from the lumbar theca in the lateral recumbent position. Spina-Franca (1963) (Fig. 3) In the subject illustrated in Fig. 3 the pressure of fluid at about the centre of the area of arachnoid granulations near the vertex would fluctuate from 95 to 120 mm water above atmospheric pressure. It has been shown (Welch and Friedman, 1960 ) that a differential pressure of 60 mm water is sufficient to allow fluid to pass through the arachnoid granulations in an isolated portion of monkey meninges. The measurements of cerebrospinal fluid pressure in the recumbent adult human in this study agree closely with those of Cutler et al. (1968) . It Figure 6 summarizes the pressure changes with body tilting and the pulsation in each position. The lowest pressure reading was -100 mm water and highest +370 mm water. Weed, Flexner, and Clark (1932) found in the dog a pressure maximum in the cisterna magna of about + 380 mm water and a minimum of -100 mm water between vertical head-down and vertical tail-down positions. Davson (1967) subatmospheric. The subatmospheric pressure often of the order of -100 mm water appears to be the factor which partly neutralizes the hydrostatic pressure, so that in the sitting position one would expect a manometer column of fluid to reach no higher than the cisterna magna.
The superior sagittal sinus may be regarded as the tube of a suction pump, the pump chamber being the right atrium of the heart. The cerebrospinal fluid pressure must be lower than that in the thin-walled adjacent cerebral veins but normally the pressure in (1968) , that at some point along the superior sagittal sinus, with the subject recumbent, the pressure in the sinus was lower than 68 mm cerebrospinal fluid, which was the opening ventricular pressure above which absorption occurred.
A cerebral vein is thin walled in the subarachnoid space but in its passage into the sinus there is a change, so that for a short distance as it traverses the subdural space the dorsal wall is thick and firm due to the dura mater while the wall near the brain surface is still thin walled. The terminal portion of the vein has a firm circumference of dura mater and enters the sinus via a slit-like opening with a sharp crescentic edge of dura mater. While some cerebral veins enter the sinus in a direction opposite to the blood flow in the sinus, many veins curve through 1800 so that they actually discharge blood in the direction of the sinus flow. Wright (1938) The following pressure study on an adult female with pre-senile dementia and somewhat dilated ventricles is of interest (Fig. 7) .
A no. In the fourth segment of the recording the patient was sitting upright and looking forwards. The transducer was again levelled with the brain surface and in this position was approximately level with the highest point of the brain at the vertex. There was a further drop in pressure so that this was now recording as low as -165 mm of water. At this time the intrathoracic pressure was oscillating between 0 and 20 cm of water and the systolic blood pressure which had been 1 10mm of mercury in the horizontal position had risen to 140 mm of mercury in the sitting up position. It seems, then, that if fluid were to transfer from the subarachnoid space to the superior sagittal sinus near the vertex in the sitting up position the venous pressure at that site would need to be -200 mm of water in relationship to the atmospheric pressure or even lower. Indeed the fluid pressure was so low in the sitting up position that one wondered whether, in this patient, fluid transfer could occur in the region of the vertex into the superior sagittal sinus. It may be that these abnormal pressure characteristics and the dilated ventricles are interrelated.
THE PULSES The fluid pressure exhibits both cardiac and respiratory variations and both the pulse and respiratory rates can be counted on a tracing of pressure in the lateral ventricle of the brain. Figure 2 is a typical tracing of pressure in the lateral ventricle of the human brain. The origin of the cardiac pulse in the cerebrospinal fluid has been attributed by some to the choroid plexus. However, there is no doubt that the cerebral and spinal arteries as a whole are important in this regard (Dunbar, Guthrie, and Karpell, 1966) . These workers have shown that the fluid pulse in any area of the brain ventricles or subarachnoid space correlates well with the arterial pulse. The ventricular and carotid pulse waves have the same characteristics. The upper tracing in Fig. 2 shows the fluctuations due to the combined cardiac and respiratory effects and in the lower tracing the cardiac pulsation is seen during apnoea. The fluid pressure tracings from the goat brain ventricle or cisterna magna show similar characteristics to those of the human and reflect the arterial pulse. In the test referred to in Fig. 2 transducer. This will produce a wave with an amplitude of 2 to 3 mm water pressure and reminds one that this is a remarkably dynamic system.
The drainage mechanism The villi and granulations of the arachnoid are formed as invaginations into the dural sinuses and into the venous lacunae. They are especially well developed in the parietal region but appear also in the frontal and occipital regions near the superior sagittal sinus. Other venous sinuses may have venous lacunae associated with them but these are much smaller than those over the vertex. The venous lacunae communicate at their lateral borders with the middle meningeal venous sinuses as described by Clarke (1920) and with the lateral wall of the sinus by either a large oval or often several tiny circular openings. The arachnoidal granulations are grouped in at least two ways in relation to the superior sagittal sinus. One group projects directly into the superior sagittal sinus either as single granulations or over a wide area. The other group is enclosed in a cave of dura mater with interlacing bands of dura intersecting the cavity.
In the recumbsnt position the pressure at the interventricular foramen is commonly of the order of 80 mm H20 maximum above atmospheric pressure. The pressure of cerebrospinal fluid near the superior sagittal sinus will vary from point to point along its course being low in the frontal region and increasing towards the confluence of the sinuses (in the recumbent position). With the subject lying horizontal and face upwards, conditions for the transfer of cerebrospinal fluid to the sinus would appear to be unfavourable at or above the horizontal level of the interventricular foramen but below this level the pressure of the cerebrospinal fluid is higher and in the parietal region there is a large concentration of arachnoid granulations favouring fluid transfer to the sinus (Fig. 3) . In the erect position the cerebrospinal fluid pressure at the arachnoid granulations near the vertex is subatmospheric and approximately 70 mm. H2O pressure below that at the interventricular foramen. Actual pressures at the coronal suture level near the superior sagittal sinus measured in a conscious human subject are shown in Table 2 . The superior sagittal sinus pressure will also rise or fall depending on body position, although conditions for fluid transfer may or may not be favourable at any particular area. The sinus pressure will be related more closely to right auricular pressure than to that of cerebral veins.
The fundamental structures allowing the transfer of cerebrospinal fluid from the subarachnoid space to the venous blood are tiny tubules referred to by Welch and Friedman (1960) as cerebrospinal fluid valves. They are described in monkeys as one-way Welch and Friedman (1960) studied the flow-pressure characteristics of the arachnoid granulations in a piece of excised monkey dura mater. The critical opening pressure was 60 mm of H20 (i.e., pressure difference across the membrane) and the flow-pressure relationship was as shown in Table 3 . The venous lacunae and the superior sagittal sinus possess rigid walls and are therefore ideal as suction pumps. efficient arrangement than an arachnoid granulation sitting in the main stream of the superior sagittal sinus venous flow. The pressure in a lacuna resisting the outflow from an arachnoid valve will be lower than that present in the superior sagittal sinus. The pressure in this lake will fluctuate in response to pressure changes in the superior sagittal sinus and will discharge more easily into the sinus when the velocity in the sinus is high, since the lateral pressure as measured by a 'static' tap in the sinus wall will be low. When the flow is arrested in the superior sagittal sinus the pressure in the lacunae will equal the venous pressure and this may be higher than the opening pressure of the valves in the arachnoid granulations.
The rate of flow in a tubule for a given fluid depends on the coefficient of friction in the wall, the diameter, the length, and the pressure differential between the ends of the tubule. Nerve fibres have been traced to the granulations and lie in the vicinity of the tubules. Whether there is a mechanism for actively varying the tubule diameter does not appear to have been established. The rate of cerebrospinal fluid production and absorption Heisey, Held, and Pappenheimer (1962) performed ventriculocisternal perfusions on chronically prepared unanaesthetized goats. Measurements were made of steady-state rates at which various substances including inulin and labelled water were removed from the perfusion fluid. The average value of cerebrospinal fluid production in the goat was 0-16 ml./min. Rubin, Ommaya, Henderson, Bering, and Rall (1966) and Cutler et al. (1968) have provided important information in man -both on adults and children. They used perfusion techniques with careful flow rate and pressure control of fluids containing radioactive substances. If the total volume of cerebrospinal fluid in adult man is 140 ml. and the percentage rate of secretion per minute is 0-37 (Tubiana, Benda, and Constans, 1951) It is important to realize that in a stream of fluid flowing in a tube the pressure varies in the cross section from the centre to the periphery. Also pressures recorded from a lateral tap will be lower than those in the centre of the flow and facing upstream. This latter pressure will be higher than that of a test with a tube opening downstream. This is relevant to any discussion of fluid transfer from the subarachnoid space or even from the venous lacunae to the superior sagittal sinus. The sinus with its connection to the right atrium of the heart is the inlet pipe of a suction pump which is fed fluid from three structures: the minute tubules of the arachnoid granulations projecting directly into the sinus, the slit-like openings of the entrances of the cerebral veins, and, thirdly, the variable side openings from the venous lacunae. The pressure differential between the two ends of the tubules in the arachnoid granulations sufficient to allow the flow of cerebrospinal fluid may be quite low, possibly of the orderof60mm water pressure. If flow were to take place at all times via the arachnoid granulations in the vertex region, then the following conditions would be required.
In the supine position the cerebrospinal fluid pressure in this region would usually fluctuate around 100 mm H20 pressure above atmospheric and the adjacent sinus pressure at the outlet end of an arachnoid tubule or the entrance of a venous lacunae would be less, perhaps 40 mm H2O pressure. In the erect position, the cerebrospinal fluid pressure at the vertex is subatmospheric and the sinus pressure if cerebrospinal fluid transfer is to occur must be at an even lower pressure. The circulation of the cerebrospinal fluid is better described as a gentle ebb and flow related especially to the respiratory and cardiac pulses. Although the total volume of cerebrospinal fluid is changed several times in 24 hours it would only be necessary to absorb 10 drops of fluid per minute via the arachnoid granulations to balance the rate of production of cerebrospinal fluid. As mentioned previously this would not require a 'circulation' but a diffusion.
One reason for commencing the present study was an attempt to find abnormal pressure tracings in patients with presenile dementia and enlargement of the ventricles. This, so far, has given disappointing results, in that almost all such patients tested showed pressure recordings similar to thoseofnormal patients. In one such patient, however, the oscillation of the pressure curve measured at the foramen of Monro was consistently 80 mm water pressure, whereas the variation in normal subjects was up to 50 mm water pressure. One wondered whether this increased pulse wave was a factor in ventricular dilatation. Another patient with presenile dementia and dilated ventricles gave a normal pressure recording from the lateral ventricle when lying horizontally but in the sitting up position the fluid pressure at the vertex near the superior sagittal sinus became negative (which is the usual finding). However, the extent of this pressure drop was surprising, the pressure being of the order of -180 mm of water compared with atmospheric pressure. One may wonder whether cerebrospinal fluid absorption can occur into the superior sagittal sinus in such a patient in the erect position. Whatever may be the various factors responsible for the occurrence of dilatation of the ventricles in association with presenile dementia, there are many subjects in whom no abnormality of fluid pressures can be detected. In these patients there appears to be a 'mechanical failure' of cerebral tissue which is unable to resist normal stresses. Dilatation of the ventricles in other patients may be due to an increased amplitude of the pressure wave, although the maximum cerebrospinal fluid pressure is not significantly elevated. In some cases there appears to be a large change of pressure with posture, so much so that in the erect position the cerebrospinal fluid pressure at the vertex may be almost 200 mm water below atmospheric pressure.
Whether this may be a factor in delaying fluid transfer to the venous sinuses is not clear. Further studies are necessary and valuable information is being collected from investigations with radioactive substances. It is possible that, in certain cases where ventricular dilatation has occurred, variations in production and absorption of cerebrospinal fluid may be correlated with abnormal recordings of fluid pressures.
